Background-Matrix metalloproteinase (MMP)-1 may play a role in cardiovascular disease susceptibility by influencing plaque rupture via its ability to degrade extracellular collagens. Methods and Results-We performed a genome-wide association analysis of circulating MMP-1 levels using 500 K single-nucleotide polymorphisms (SNPs) to identify genes influencing variation in serum MMP-1 levels in 778 healthy Amish adults. Serum MMP-1 levels, logarithm transformed, and adjusted for age and sex, were screened for association with SNPs using mixed-model variance components to account for familial relatedness. Median MMP-1 level was 3.05 ng/mL (interquartile range: 1.82 to 5.04 ng/mL) with an estimated heritability of 81% (PϽ0.0001). Serum MMP-1 levels were strongly associated with a cluster of 179 SNPs extending over an 11.5-megabase region on chromosome 11q. The peak association was with rs495366 (Pϭ5.73ϫ10 Ϫ34 ), located within the region between MMP-1 and MMP-3 and having a minor allele frequency of 0.36. Two other SNPs within the 11q region, rs12289128 and rs11226373, were strongly associated with MMP-1 levels after accounting for rs495366 (PՅ10 Ϫ7 ). These 3 SNPs explained 31% of the variance in MMP-1 levels after adjusting for age and sex.
T he rupture of atherosclerotic plaques is the major cause of coronary thrombosis and subsequent coronary heart disease (CHD). Matrix metalloproteinases (MMPs) are Zn 2ϩdependent enzymes capable of degrading many components of extracellular matrix. [1] [2] [3] [4] Several lines of evidence have demonstrated that the expression and activity of MMPs are increased in vulnerable atherosclerotic plaques. [5] [6] [7] Increased release of MMPs by macrophage foam cells may induce breakdown of extracellular components and weaken the fibrous cap, predisposing the atherosclerotic plaques to disruption and embolic events. 3, 8 
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MMP-1, one of the key MMPs, plays a critical role in extracellular matrix remodeling via its ability to degrade several components in the interstitial matrix, including collagen I, II, and III. 3, 4 The expression of MMP-1 is elevated in human atherosclerotic plaques compared with normal arteries, 7 suggesting a role of MMP-1 in the matrix degradation that predisposes plaque. MMP-1 is also implicated in the regulation of the platelet aggregation that follows plaque disruption. 9 Because aggregation of platelets and formation of thrombosis may result in subsequent occurrence of acute coronary events, regulators of this process are of great clinical significance. The relevance of circulating MMP-1 levels, however, is unclear. There are limited data, if any, on the relation of MMP-1 expression levels in tissues with their concentrations in the circulation, and only a few small, cross-sectional epidemiological studies have assessed the relation of serum MMP-1 levels to cardiovascular outcomes. 10 -19 A few genetic association studies have been carried out evaluating the relation of MMP-1 genotypes and CHD risk, and results from these have been inconsistent. 13,20 -24 Some data from in vitro studies suggest that polymorphisms in the MMP-1 promoter region are associated with transcriptional levels of the MMP-1 gene and MMP-1 expression in atherosclerotic plaques. 20, 25 However, no data have been published that examine associations between genetic variants and circulating MMP-1 levels in humans. Identifying genetic variants that control MMP-1 levels may facilitate our understanding of the pathophysiology of CHD and provide novel opportunities for individualized interventions to prevent or treat CHD.
We hypothesized that variants in multiple genes may mediate the complex pathways that are involved in the regulation and activation of MMP-1. To detect these genes, we carried out a genome-wide association study of serum MMP-1 levels.
Methods

Study Subjects
The Heredity and Phenotype Intervention Heart Study was initiated in 2002. Participants of this study comprised adults from the Old Order Amish community of Lancaster County, Pa, who were recruited over a 3-year period. Study participants were aged 20 years and older and were relatively healthy based on a variety of exclusion criteria, including severe hypertension (blood pressure Ͼ180/ 105 mm Hg), among others. The study aims, recruitment procedures, and ascertainment criteria have been described previously. 26 The study included 868 participants, 792 of whom had available DNA and serum MMP-1 measurements. Clinical characteristics were similar among participants with and without serum MMP-1 measurements. Fourteen additional individuals were excluded from final analysis because of genotyping issues (see below), leaving 778 subjects. By virtue of the unique ancestral history of the Amish, these subjects comprised a large number of relative pairs, including 259 parent-offspring pairs, 519 sibling pairs, 11 grandparent-grandchild pairs, 373 avuncular pairs, and 163 first cousin pairs. The protocol was approved by the Institutional Review Board of the University of Maryland, Baltimore, Md, and other participating institutions. Informed consent, including permission to contact relatives, was obtained before participation.
Examination of Subjects and Laboratory Methods
All study participants underwent a physical examination during their visit to the Amish Research Clinic in Strasburg, Pa. Subjects were withdrawn from all medications, vitamins, and supplements for 7 days before their initial assessment. Anthropometry (including height, weight, and waist circumference), medical and family history, and health habits (eg, smoking status) were obtained by trained research staff using standard methods. Data on medical history, family history, and health habits were collected by staff-administered questionnaires. Blood pressure was measured in triplicate after the subject had been sitting quietly for 5 minutes using a standard sphygmomanometer. Blood samples were placed at 4°C, processed within 30 to 60 minutes, and frozen at Ϫ80°C until laboratory assay. Lipid profile (total and high-density lipoprotein cholesterol and triglycerides) was assayed in the Quest laboratory in Horsham, Pa. MMP-1 serum levels, measured in the fasting state, were determined by an enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, Minn) in the University of Maryland Cytokine Core Laboratory in Baltimore, Md. MMP-1 levels were measured in duplicate, and the mean values of duplicates were used for data analyses. Because study participants were recruited over a 3-year period, MMP-1 levels were measured in 5 different batches throughout the study period, and the effect of batch was included in the regression model using dummy variables. The detection range of MMP-1 values was between 0.16 and 10 ng/mL, and the intra-assay coefficient of variation was 7.5%. MMP-1 values that were above (nϭ33) and below (nϭ2) detection range were assigned the maximum and minimum values of the detection range, respectively. Excluding samples outside the detection range did not change results substantially.
DNA Extraction and Genotyping
Genomic DNA was isolated from whole blood for genetic analyses. The quality of DNA was assessed by single-nucleotide polymorphism (SNP) TaqMan genotyping (ABI) and agarose gel electrophoresis. Whole-genome genotyping was performed using the Affymetrix GeneChip Human Mapping 500 K Array Set, which included 238 304 SNPs from a StyI chip and 262 264 SNPs from an NspI chip. Two aliquots of 250-ng genomic DNA samples were each digested with NspI and StyI restriction enzymes and ligated with each corresponding adaptor before they underwent polymerase chain reaction. The polymerase chain reaction products were then purified, fragmented, and labeled for hybridization to each corresponding SNP array. After hybridization and washing, each array was scanned on a GeneChip Scanner 3000 (Affymetrix). Genotypes were called using Bayesian robust linear model with Mahalanobis distance classifier algorithm.
Quality Control
Fourteen subjects were excluded from analysis because of genotyping issues, including inadequate call rates (nϭ1) and/or excessive relationship incompatibilities consistent with sample mix-ups (nϭ13). For analysis, we targeted only SNPs on autosomes and thus excluded 10 536 SNPs on the sex chromosome. Additional SNPs were excluded if they deviated excessively from Hardy-Weinberg equilibrium proportions (PՅ0.0001, nϭ17 282), had genotype call rates Ͻ95% (nϭ52 498), or had minor allele frequencies Ͻ2% (nϭ96 052, including monomorphic SNPs). Departure from Hardy-Weinberg equilibrium was assessed by 2 test without regard for family structure. Following these exclusions, we analyzed a total of 338 079 autosomal SNPs in 778 individuals.
Statistical Analysis
Summary statistics of baseline clinical characteristics were expressed as unadjusted meansϮSD using the STATA statistical package (version 9.2; StataCorp, College Station, Tex) unless indicated otherwise. MMP-1 levels were natural logarithm-transformed before analysis to remove skewness. The correlation (r) between lntransformed MMP-1 levels and selected cardiovascular risk factors (eg, body mass index, blood pressure, and lipid levels) was computed by estimating the proportionate reduction in the variance of the model associated with inclusion of the considered covariates, taking the square root of this quantity, and then incorporating the direction of association from the covariate ␤ value. The effects of age, age 2 , and sex were included in each model along with age (and age 2 ) by sex interactions to allow for age effects to vary by sex. Trait heritability was defined as the proportion of the total trait variance attributable to additive effect of genes and was estimated by modeling the phenotypic covariance (conditional on covariate effects) between any 2 individuals in the pedigree as a function of their degree of biological relationship. Estimations of correlations and heritability were obtained using variance component analysis as implemented in the Sequential Oligogenic Linkage Analysis Routines (SOLAR) to account for familial relatedness of the data (version 4.0.7; Southwest Foundation for Biomedical Research, San Antonio, Tex). 27 Genome-wide association analysis of serum MMP-1 levels was performed using a mixed model approach that models variation in MMP-1 levels as a function of measured environmental covariates, measured genotype, and a polygenic component to account for phenotypic correlation caused by relatedness. A t score was used to assess for significant departure from zero of the ␤ coefficient for the measured genotype under an additive model. We included age, age 2 , sex, age-by-sex, and age 2 -by-sex interactions, and assay batch in the model. The polygenic component was modeled as a random effect using the relationship matrix derived from the complete 14generation Amish pedigree to control for the relatedness of all subjects in the study. This polygenic component corresponds to the residual heritability in the trait after accounting for the fixed effects included in the model. These analyses were carried out using in-house software developed by Dr J.R. O'Connell in our group. Genome-wide association results were plotted using Haploview 4.0 28 . A genome-wide significance level of ␣ϭ1.0ϫ10 Ϫ7 (Ϸ0.05/ 338 079) was defined based on Bonferroni correction. Linkage disequilibrium (LD) statistics (DЈ and r 2 ) were calculated among SNPs using Haploview 4.0. 28 Haplotypes were inferred using the EM algorithm used by the SNPHAP program developed by David Clayton (http://www-gene. cimr.cam.ac.uk/clayton/software). Linkage analyses were carried out using variance component approach implemented in SOLAR to estimate the effects of SNPs after accounting for a linkage effect at the associated locus. The total variance of phenotype (ln-MMP-1 levels) was partitioned into components attributable to measured covariates (eg, age and sex), measured genotypes, additive polygenic effects, and an additive quantitative trait locus effect (ie, the linkage component).
Results
Characteristics of the Participants
A total of 778 Amish participants from the Heredity and Phenotype Intervention Heart Study were included in the analysis. The mean age was 43.2Ϯ13.6 years, and 426 (54.8%) of participants were men. Baseline clinical characteristics are summarized by sex in Table 1 . The median MMP-1 level in the population was 3.05 ng/mL (interquartile range: 1.82 to 5.04 ng/mL) with levels slightly higher in women than men and increasing with increasing age (rϭ0.11, PϽ0.0001).
Heritability of MMP-1 level was 81Ϯ8% after adjusting for the effects of age and sex (PϽ0.0001) and remained high (h 2 ϭ78Ϯ8%, PϽ0.0001) after additional adjustments for the effects of body mass index, systolic blood pressure, diastolic blood pressure, fasting triglyceride, cholesterol levels, highdensity lipoprotein to low-density lipoprotein cholesterol ratio, and smoking status.
Genome-Wide Association Results
Results from the genome-wide association analysis are summarized in Figure 1A . A total of 179 SNPs, all clustered within an 11 454 kb region on chromosome 11q (95 569 593 to 107 024 176 bp), were significantly associated with MMP-1 levels under an additive model at the predefined genome-wide significant level of 10 Ϫ7 (P ranging from 9.57ϫ10 Ϫ8 to 5.73ϫ10 Ϫ34 ). The most strongly associated SNPs were near a cluster of MMP genes (MMP-1, MMP-3, MMP-7, MMP-8, MMP-10, MMP-12, MMP-13, MMP-20, and MMP-27; Figure 1B ). Details of the 179 significant SNPs are provided in Data Supplement Table SI . In addition to the associated SNPs on chromosome 11, a modest association was also observed in the region of the solute carrier family 24, member 3 (SLC24A3) gene on chromosome 20p, which did not quite reach genome-wide significance (rs3790268, Pϭ2.96ϫ10 Ϫ7 ).
To quantify the impact of the excessive number of significant results on chromosome 11 on the quantile-quantile plot in Figure 1A , we calculated genomic control (GC) lambdas () for the full genome-wide association studies, excluding chromosome 11, and for chromosome 11 alone using median ( 2 )/0.456. The for chromosome 11 was much higher than for the genome average (1.528 versus 1.08), consistent with the inflation on chromosome 11 being caused by extensive LD across the associated region (Data Supplement Figure SI) , reflecting a strong linkage signal. Our measured genotype model does not account for covariance between individuals at the SNP caused by alleles shared identical-by-descent; thus, the probability values are susceptible to inflation in regions of strong linkage. To account for this inflation, a GC ϭ1.528 was applied to all analyses pertaining to the chromosome 11 region presented in this article, except the linkage analyses shown below.
The 5 most strongly associated SNPs (GC-corrected PՅ10 Ϫ18 ) fell within a 28.5-kb region near the genes encoding MMP-1 and MMP-3, with 4 of the SNPs located within the intergenic region between MMP-1 and MMP-3 (ie, upstream of MMP-1 and downstream of MMP-3: rs603050, Pϭ1.28ϫ10 Ϫ22 ; rs11225434, Pϭ2.07ϫ10 Ϫ19 ; rs495366, Pϭ8.39ϫ10 Ϫ23 ; and rs7926920, Pϭ4.75ϫ10 Ϫ18 ; all P are GC corrected), and the fifth SNP located in intron 8 of MMP-3 (rs650108, GC-corrected Pϭ1.06ϫ10 Ϫ20 ). The most strongly associated SNP, rs495366, explained 17.5% of residual MMP-1 variation after adjusting for age and sex. This SNP was highly correlated with rs603050 and rs650108 Quantitative data are presented as mean (SD) unless otherwise indicated. HDL/LDL indicates high-density lipoprotein/low-density lipoprotein. *Self-reported; expressed as percent (SE). (r 2 ϭ0.99 and 0.98, respectively). The other 2 SNPs, rs11225434 and rs7926920, were highly correlated with each other (DЈϭ0.997, r 2 ϭ0.96) but were less correlated with rs495366 (DЈϭ1.0 and 0.99, r 2 ϭ0.34 and 0.36, respectively). The LD structure of the 5 most strongly associated SNPs, along with SNPs located in MMP-1, MMP-3, and the intergenic region between MMP-1 and MMP-3, is summarized in Figure 2 .
To evaluate whether the multiple-associated SNPs on chromosome 11q represented distinct signals, we used a forward regression model building analysis within the mixed model framework using SNPs across the MMP-1 associated region of 95 569 593 to 107 024 176 bp. The initial model included only the baseline covariates. Given the current model, a 2 likelihood ratio test is computed for each SNP, and then the SNP with the lowest probability value enters the model. The process was repeated until no SNP passed a 2 with probability value threshold 10 Ϫ7 (without GC adjustment). By this approach, rs495366 was the first to be added into the model; 2 other SNPs, rs12289128 and rs11226373, were sequentially identified and added into the model. Whereas rs12289128 and rs495366 were located close to each other, rs11226373 is located Ϸ1.65 Mb away ( Table 2 ). The closest gene to rs11226373 is platelet-derived growth factor D. The probability values of SNPs from the model building are shown in Data Supplement Figure SII . Table 2 shows the geometric mean values of MMP-1 levels by genotypes of rs495366, rs12289128, and rs11226373. Both the marginal effects of genotype on MMP-1 levels and their conditional effects estimated by adding the 3 SNPs sequentially into the model (in the order of rs495366, rs12289128, and rs1226373) are shown. Minor allele frequencies of these 3 SNPs ranged from 0.15 to 0.36. The major alleles of rs495366 and rs12289182 and the minor allele of rs11226373 were associated with increasing MMP-1 serum levels. Collectively, these 3 SNPs accounted for Ϸ31% of the variance in age-and sex-adjusted levels of MMP-1 (GC-corrected Pϭ7.4ϫ10 Ϫ35 for 3 SNPs versus 0 SNP, 3 df). Additional analyses revealed no evidence for SNP-SNP interaction effects on MMP-1 levels (data not shown). After accounting for age, sex, and the effects of these 3 SNPs on serum MMP-1 levels, the residual heritability of this trait was 71%.
Interestingly, rs12289128 is not associated with MMP-1 levels itself, but enters the model to refine the rs495366 signal through a haplotype because both SNPs are in the same LD block and have DЈϭ1. Unambiguous haplotypes were constructed between rs12289128 (G/C polymorphism) and rs495366 (C/T polymorphism): G-C (0.493), G-T (0.362), and C-C (0.145), with frequencies indicated in parentheses. The geometric means of MMP-1 levels corresponding to the 6 dipolotypes are shown in Figure 3 . There was a significant trend of increasing MMP-1 levels with increasing copies of the G-C haplotype (GC-corrected P of trendϭ1.25ϫ10 Ϫ29 ; 24% of MMP-1 variation explained). A 3-locus haplotype analysis based on SNPs rs12289128, rs495366, and rs11226373 generated 6 different haplotypes, although no clear dose-response relationship between any of the haplotypes and MMP-1 serum levels was apparent (data not shown). Individual haplotypes could not be assigned unambiguously to all subjects because of incomplete LD.
To investigate the linkage signal to serum MMP-1 levels in the 11q region and its impact on our measured genotype analysis, we computed the 2-point logarithm (base 10) of the odds linkage vs. no linkage (LOD) score based on identicalby-descent constructed by rs495366-rs12289128 haplotype. Not unexpectedly, there was strong evidence for linkage to serum MMP-1 levels in the 11q region (LODϭ19.4). While taking the local linkage effect into account, the association of rs495366 with MMP-1 levels diminished substantially but remained highly significant (Pϭ1.40ϫ10 Ϫ18 ; 11.8% MMP-1 variation explained). Similarly, the combined association of MMP-1 levels with the 3 SNPs, rs495366, rs12289128, and rs11226373 was also diminished but remained highly significant (Pϭ1.82ϫ10 Ϫ34 for 3 SNPs versus 0 SNPs, 3 df; 23.6% MMP-1 variation explained). The residual heritability of MMP-1 levels was 61% after accounting for the effects of the 3 SNPs and the linkage component in the age-and sexadjusted model, suggesting that there remains a genetic influence on serum MMP-1 levels emanating from outside of the chromosome 11q region.
Associations With Other Cardiovascular Risk Factors
Having detected strong and compelling associations between these SNPs and serum MMP-1 levels, we then assessed the clinical significance of MMP-1 variation in our sample by assessing its correlation with various cardiovascular risk factors. Age-and sex-adjusted serum MMP-1 levels were significantly correlated with fasting triglycerides (rϭ0.14, Pϭ0.0006) and pulse pressure (rϭ0.08, Pϭ0.04) and borderline correlated with the high-density lipoprotein to lowdensity lipoprotein ratio (rϭϪ0.06, Pϭ0.05) and systolic blood pressure (rϭ0.06, Pϭ0.09). There was little correlation of serum MMP-1 levels with other cardiovascular risk factors (Data Supplement Table SII) . Similarly, the 3 MMP-1associated SNPs showed little evidence for association with any of these cardiovascular risk factors (Data Supplement  Table SII ). 
Discussion
To our knowledge, this study is the first to evaluate the genetic contribution to variation in serum MMP-1 levels in a large human population. Our analyses revealed that variation in MMP-1 levels is highly heritable (h 2 ϭ81%) in the Amish, with strong and compelling evidence for association of serum MMP-1 levels with a large cluster of SNPs in an 11.4-Mb region on chromosome 11q. Of note, the strongest evidence for association was with a group of SNPs located near a cluster of MMP genes, particularly between MMP-1 and MMP-3. The estimated effect sizes of the associated SNPs were very high, with rs495366, the most strongly associated SNP, accounting by itself for 17.5% of the variance in MMP-1 levels. Two other SNPs in this region, rs12289128 and rs11226373, were also strongly associated with serum MMP-1 levels, and the 3 SNPs collectively accounted for 31% of the trait variance. The location of these associated SNPs near the MMP gene cluster lends strong biological plausibility to the observed associations. Several in vitro 20, 25 and epidemiological 13,20 -24 studies have shown genetic variants in the MMP-1 promoter to be associated with transcriptional level of MMP-1 and/or cardiovascular disease end points (Data Supplement Table  SIII ). The peak associations observed in our study (ie, rs495366, rs603050, rs11225434, and rs7926920) were also located in the upstream region of MMP-1 gene, consistent with the existence of functional variants in the MMP-1 promoter region affecting expression. However, further studies are needed to verify this speculation given that the previously reported promoter polymorphisms were not highly correlated with our most strongly associated SNP (ie, rs495366) based on the HAPMAP CELL white population or with other associated SNPs in the MMP-1 upstream region. The absence of an association between intragenic MMP-1 SNPs and serum MMP-1 levels is possibly caused by suboptimal SNP coverage of the MMP-1 gene by the Affymetrix 500K panel, given that this panel includes only 3 SNPs within MMP-1.
Our analyses do not permit us to resolve whether the observed associations are attributable to a single functional SNP or to multiple functional SNPs residing in the MMP gene cluster. However, our analysis revealed that the rs12289128-rs495366 haplotype provides an even stronger association with MMP-1 serum levels than either SNP alone, suggesting that this haplotype is tagging a single (unmeasured) functional polymorphism better than either single SNP alone. Including rs11226373, which is partially correlated with the other 2 SNPs, in the haplotype analysis did not provide a clear dose-response relationship with MMP-1 serum levels. Therefore, it remains unclear whether rs11226373 is independently associated with MMP-1 levels or simply tags the same (unmeasured) causal polymorphism as do rs12289128 and rs495366. The latter is possible despite the Ͼ1.5-MB distance of rs11226373 from rs12289128 and rs495366 given the long-range LD present in this region in the Amish.
Previous studies suggest that MMP-1 may play an important role in atherosclerotic plaque disruption by influencing stability of the plaque fibrous cap. 6, 7, 29 For example, the expression of MMP-1 is elevated in human atherosclerotic plaques, particularly in shoulder regions and areas of foam cell accumulation in the plaques 7 and is higher in plaques with thin cap compared with those with a thick fibrous cap. 29 Foam cells isolated from rabbit aortic lesions are capable of synthesizing and releasing MMP-1 constitutively in vitro. 30 Furthermore, treating patients with carotid endarterectomy with MMP inhibitor reduces the MMP-1 concentration in carotid plaques. 31 These findings suggest a critical role of MMP-1 in the matrix degradation that predisposes to plaque rupture and acute coronary syndromes. Furthermore, MMP-1 can induce tyrosine phosphorylation of intracellular proteins in platelets and the movement of ß 3 integrins to areas of cell contact and thus prime platelets for aggregation, 9 indicating a potential role of MMP-1 in thrombotic events.
MMP-1 is found to be highly expressed in smooth muscle, pancreatic islets, cardiac myocytes, and bronchial epithelial cells and normal vascular tissues (data sources: UCSC Genome Bioinformatics Site: http://genome.ucsc.edu; GeneHub-GEPISdatabase:http://www.cgl.ucsf.edu/Research/ genentech/genehub-gepis/index.html). However, there have been limited data, if any, on how well MMP-1 expression levels in tissues correlate with their concentrations in the circulation, and the clinical significance of elevated MMP-1 levels in humans remains unclear. MMP-1 serum levels increase with increasing age as shown in our data and reported previously in Chinese women. 32 In 2 relatively small studies, higher plasma MMP-1 serum levels were correlated with increasing carotid-femoral pulse-wave velocity, a marker of arterial stiffness 10 and with increasing pulse pressure and mean blood pressure 11 whereas in our large study, we observed significant, albeit modest, correlations of MMP-1 levels with fasting triglycerides and pulse pressure.
Only a few studies have reported correlations of circulating MMP-1 levels with CHD outcomes. Several studies have reported higher circulating MMP-1 levels to be associated with acute MI and/or unstable angina 14 -16 and ruptured plaques, 12 suggesting that MMP-1 levels may be a marker of plaque instability, although others have failed to find such an association. 13 MMP-1 levels have also been associated with carotid stenosis 17 and left ventricular remodeling among patients with cardiovascular disease. 15, 18, 19 Given the limitations and inconsistency of existing studies, the utility of MMP-1 serum levels as a marker for screening, diagnosis, or identifying individuals at risk of various disease outcomes remains unproven. Studies assessing the effects of polymorphisms in the MMP-1 on cardiovascular events have found inconsistent associations. 13,20 -24 The lack of association of MMP-1 SNPs with cardiovascular risk factors in our data is possibly the result of either subjects in our study being relatively healthy with few individuals having symptomatic CHD or an absence of a true relationship effect between MMP-1-associated genetic variants and cardiovascular risk.
We conclude that serum MMP-1 levels are highly heritable and that genetic variation at a locus on chromosome 11q that includes MMP-1 is a major determinant of MMP-1 levels. Given the relatively high frequency of the associated SNPs in this Amish population (15% to 36%), we expect that the strong associations detected will be present in other populations as well (especially European whites). However, the large number of associated SNPs spanning across a relatively large region will make it difficult to localize the causative SNP(s) in this population based on statistical criteria alone. Conducting additional genetic association studies and functional characterization of the most likely causative variants in other populations will be needed to better define the genetic architecture of MMP-1 levels and to determine the relevance of genetic variation at this locus to CHD. 
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